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The 2007 Noto Hanto earthquake was a magnitude 6.8 crustal earthquake (Japan Metrological Agency) that
occurred in central Japan. By analyzing continuous seismograms that recorded activity during the 25 days before
the earthquake, we detected 36 small seismic events around the mainshock hypocenter that classiﬁed as either
isolated events or members of three clusters. Three of the detected events are listed in ofﬁcial seismic records.
Two clusters included more than ten events and occurred some distance from the mainshock fault, indicating that
the clusters did not relate to the mainshock event. Only the third cluster was located along the mainshock fault.
This cluster occurred in the vicinity of the mainshock hypocenter and consisted of four foreshocks with identical
seismograms. This cluster began twelve minutes before the mainshock. The occurrence pattern of this clustered
foreshock sequence is similar to that observed in association with the 2008 Iwate-Miyagi Inland earthquake.
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1. Introduction
Foreshocks provide a means by which to study small-
scale failure processes that precede much larger events.
Rock failure experiments have shown that acoustic emis-
sions (AEs) occur prior to major failure (e.g. Scholz, 1968;
Lockner et al., 1992). Empirical studies using hypocentral
catalog information have also identiﬁed important charac-
teristics that are common among foreshocks. Dodge et al.
(1996), for example, found that foreshocks occurred during
the nucleation phase of the mainshock. Jones and Molnar
(1979) proposed the so-called inverse Omori law for the ac-
celerative sequence of the foreshock behavior.
Recent analyses of data recorded by a dense seismic ob-
servation network have shown that smaller seismic events
(those previously unrecorded by ofﬁcial catalogs) can pro-
vide new insights into foreshock patterns. Clustered fore-
shocks having identical seismograms occurred adjacent to
the mainshock hypocenter for both the 1999 Izmit interplate
earthquake in Turkey (Bouchon et al., 2011) and the 2008
Iwate-Miyagi Inland crustal earthquake in Japan (Doi and
Kawakata, 2012). Bouchon et al. (2011) identiﬁed 40 small
foreshocks preceding the Izmit interplate earthquake. These
foreshocks abruptly began 44 minutes before the mainshock
and increased in frequency as the time of the mainshock
event approached. Doi and Kawakata (2012) identiﬁed 22
small foreshocks preceding the Iwate-Miyagi Inland crustal
earthquake. These foreshocks also abruptly began 42 min-
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utes before the mainshock but their frequency remained
constant, and a 10-minute period of quiescence preceded
the mainshock. Both of these studies focused only on seis-
mic activity in the same general region of the mainshock
rupture initiation points. Additional study of large earth-
quakes and seismic activity in the surrounding area can fur-
ther elucidate factors that inﬂuence foreshock occurrence
patterns.
This study seeks to clarify the consistency with which
large earthquakes are accompanied by clustered foreshocks,
and to determine whether other foreshocks may have oc-
curred within the total mainshock rupture volume. The
2007 Noto Hanto earthquake, with a JMA magnitude (Mj;
Japan Metrological Agency) of 6.8, allowed us to estimate
the spatio-temporal patterns in seismic activity throughout
its source region.
2. The 2007 Noto Hanto Earthquake
The 2007 Noto Hanto earthquake occurred in central
Japan at 9:41 on March 25, 2007 (LT). The earthquake was
classiﬁed as a crustal earthquake and had a focal depth of
10.7 km according to the JMA catalog. Observations of the
dense temporary aftershock array (Sakai et al., 2008) re-
vealed an ENE trending mainshock fault dipping 50–60◦
to the SSE. According to inversion analyses of seismic
and geodetic data (e.g. Fukushima et al., 2008; Horikawa,
2008), the area of dominant slip produced by the mainshock
was 20-km in length for both strike and dip directions. The
mainshock had an initial phase corresponding to a Mj 4.4
precursor event, which occurred 0.6 s before the mainshock
at a distance of 1.2 km WSW of the epicenter (Sakai et
al., 2008). The ofﬁcial JMA hypocentral catalog recorded
three seismic events within a 20 km radius of the mainshock
hypocenter during the 25 days preceding the mainshock.
1053
1054 I. DOI AND H. KAWAKATA: SPATIO-TEMPORAL OCCURRENCE PATTERNS AMONG THE FORESHOCKS
Fig. 1. A map showing the hypocenters of the mainshock (open star) and smaller seismic events (solid stars) cataloged in association with the 2007
Noto Hanto earthquake. Triangles denote the locations of the Hi-net stations. The open triangle marks a station that was non-operational during the
mainshock event. The square represents the fault plane assumed in the source inversion analysis by Fukushima et al. (2008).
3. Detection of Small Seismic Events around the
Mainshock Hypocenter
3.1 Data
We used continuous seismograms recorded by the Togi
seismic station of the High Sensitivity Seismograph Net-
work Japan (Hi-net). This station is the only one situated
in the source region of the mainshock, located within a 5-
km epicentral distance (Fig. 1). The data collection period
spanned about 25 days from 0:00 on 1 March to 9:45 on 25
March, 2007. Continuous seismograms recorded seismic
activity with a 0.01 s sampling interval at 27 bit resolution.
3.2 Detection of reference seismic events with distinct
seismograms
Seismic signals are non-stationary signals with a broad
frequency content. Using these properties, we analyzed
the continuous seismograms with the following two auto-
mated methods in order to detect candidate reference seis-
mic events, especially those not listed in the JMA catalog.
First, we calculated running spectra of the up-down com-
ponent for seismograms at two-second intervals. Because
spectral amplitudes for continuous seismic signals accumu-
late signal power in the 1–40 Hz frequency band, candidate
time windows for seismic events were according to a sig-
nal to background-noise ratios threshold of >2.0 for both
15–25 Hz and 25–35 Hz frequency bands. We did not use
the 1–10 Hz frequency band due to high levels of ambient
noise therein. These selection procedures yielded 12,632
candidate events.
Next, we examined whether the candidate events were
earthquakes using values of the Akaike Information Cri-
terion (AIC) with which P-wave onset can be recognized
(Takanami and Kitagawa, 2002). We set a time window
starting two seconds before, and lasting until two seconds
after, the candidate time windows. If the minimum of AIC
values was beyond three times the standard deviation, we
judged that the candidate time window included the seis-
mic signals. This process reduced the number of candidate
events down to 46.
Candidate events that are likely to include the seismic
signals were then visually checked along with their two hor-
izontal components. Given the areal extent of the main-
shock source region, we selected seismograms with S-P
times less than 3.0 s. These screening steps ultimately
yielded nine reference seismic events, referred to in chrono-
logical order as E1 to E9. These events include each of the
three events listed in the JMA catalog as occurring near the
source region of the mainshock. The seismograms for each
of these seismic events are shown in Fig. 2.
3.3 Clustered seismicity around the mainshock
Smaller seismic events with lower S/N ratios may go un-
detected by the procedures described in the previous sec-
tion. The correlation method described below provides a
powerful alternative means by which to identify smaller
events (e.g. Bouchon et al., 2011).
The reference events used to constellate event clus-
ters were selected as follows. We calculated the cross-
correlation function for each combination of the seismo-
gram segments belonging to the E1 through E9 events. The
seismograms for E3, E4, E5, and E6 did not exhibit high
cross-correlation coefﬁcients with any seismogram from
other events and could thus serve as reference events. The
maximum value of the normalized cross-correlation func-
tion between E1 and E2 reached 0.8. The E7, E8, and E9
seismograms exhibited relatively high cross-correlation co-
efﬁcients (>0.6) with one another. The larger events pro-
vide the best reference points due to their likelihood of hav-
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Fig. 2. Unprocessed seismograms for the updown (left panel) and east-west (right panel) components of the E1 through E9 reference events.
Seismograms are normalized by their maximum amplitude. The P- and S-phase onsets are shown by a dashed line and inverted triangles, respectively.
Table 1. Time windows used for correlation analysis, the number of cluster events, and S-P times estimated from the Togi seismic station for E2, E3,
E4, E5, E6, and E8. Parentheses denote the numbers of the members in the cluster when events whose cross-correlation coefﬁcients were higher for
other clusters are excluded. Note that the E2 cluster includes E1 while E7 and E9 belong to the E8 cluster.
ID Time window before P (s) Time window after P (s) N. of EQ S-P time (s) at Togi
E2 0.6 1.5 18 (16) 0.77
E3 0.8 2.5 2 1.11
E4 0.6 1.5 13 (12) 0.71
E5 1.0 3.5 1 1.95
E6 1.5 4.5 1 2.81
E8 0.8 2.5 4 1.30
ing high S/N ratios. Although E7 was the largest event in
the subset, we did not use it as a reference because its mag-
nitude (Mj 2.0) was so large that its duration may exceed
the period of the bandpass ﬁlter applied to the data. We
therefore only used the E2, E3, E4, E5, E6, and E8 events
as references.
We identiﬁed matching seismogram segments for each
selected reference event. Detection of smaller seis-
mic events required the following two steps in order to
avoid overly intensive computational operations (Doi and
Kawakata, 2012). We ﬁrst calculated cross-correlation
coefﬁcient time series between a subset of 15–40 Hz
bandpass-ﬁltered continuous seismograms covering a se-
ries of overlapping time windows and the reference event
seismogram. This procedure identiﬁed candidate events
grouped among several clusters (e.g. Gibbons and Ring-
dal, 2006). The durations of the overlapping time windows
used to calculate correlation coefﬁcients (Table 1) were se-
lected to include both P- and S-phases. We selected candi-
date seismograms for which cross-correlation coefﬁcients
averaged among the three components (i.e. updown and
two horizontal) were larger than three times their respective
standard deviations. The candidate seismograms were then
interpolated to a 1,000-Hz sampling frequency in order to
retain smaller phase shifts that may have gone undetected
by the initial sampling interval. Following interpolation,
cross-correlation coefﬁcients between reference and can-
didate seismograms were re-calculated using overlapping
time windows to determine their maximum values.
Figure 3 shows maximum cross-correlation coefﬁcient
time series for candidate seismograms. We considered seis-
mograms to represent clustered events when their maximum
cross-correlation coefﬁcients exceeded values of 0.6. Ta-
ble 1 lists the number of potential cluster members of fore-
shocks for each reference event. The E3, E5, and E6 events
had no more than one associated event (in addition to the
reference event itself). The E2 and E4 events showed more
than 10 events within their clusters with cross-correlation
coefﬁcients greater than 0.6, most of which occurred mainly
11 and 16 days before the mainshock. The E8 cluster
showed four events during the 8–12 minutes leading up to
the mainshock including E7 and E9. All in all, we detected
three examples of clustered seismicity.
3.4 Hypocenter locations and mechanisms of the clus-
tered seismic events
The signals of most events detected in the previous sec-
tions were recognized only at Togi station. The relative
hypocenter locations within each cluster to the reference
events were estimated from S-P time differences. A cor-
relation method using overlapping time windows was sep-
arately applied to P- and S-phases in the interpolated seis-
mograms for each cluster. We used interpolated seismo-
grams for reference events (E2, E4, and E8) with a duration
of 0.6 s, starting 0.05 s before the onsets of the respective
P- and S-phases. The S-P times of each event in a given
cluster differed by only 0.003 s indicating that the hypocen-
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Fig. 3. Time series of cross-correlation coefﬁcients averaged among the three components for the reference events (a) E2, (b) E3, (c) E4, (d) E5, (e) E6,
and (f) E8 during the 25-day period leading up to the mainshock. The bottom panel (g) represents a segment of (f) magniﬁed for the last hour prior
to the mainshock. The dashed lines denote the correlation threshold of 0.6. Gray circles denote events whose cross-correlation coefﬁcients are higher
for other clusters.
ters of the events in each cluster were located within a 20-
m radius of each other. This analysis also showed that
the hypocenters of E7, E8, and E9 as well as the E1 and
E2 hypocenters were all located at similarly proximal dis-
tances.
We referred to the JMA hypocentral catalogs and Sakai
et al. (2008) for the absolute hypocenter locations of each
of the reference seismic events. These sources listed earth-
quakes that corresponded to the E5, E6, and E7 events. Fig-
ures 1 and 4 show the epicenter and hypocenter locations
of these earthquakes. The E6 event occurred at a relatively
large distance from the mainshock rupture surface inferred
from the aftershock distribution (shown as the solid gray el-
lipse in Fig. 4). By contrast, the E5 and E7 events (as well
as the E8 and E9 events) occurred near the rupture surface.
The E5 event occurred at an estimated distance of no more
than 10 km from the mainshock hypocenter, whereas E7 oc-
curred immediately adjacent to the mainshock hypocenter.
We also estimated the hypocenter location and the mech-
anism of the E7 hypocenter relative to the mainshock from
the relative P-arrival times and P-wave polarities recorded
at ten local seismic stations in the general Togi area. The
relative arrival times (transformed to root-mean-square val-
ues for comparison) calculated from visually estimated P-
times differed only by 0.03 s for each station. The polar-
ities for the initial P-waves were the same at all the sta-
tions, though ten stations were insufﬁcient to completely
constrain the mechanism solution. The mechanism of E7
was considered to be identical to that of the initial rupture of
the mainshock. These facts indicate that E7 occurred within
a 200-m radius of the mainshock and on the fault plane
of the mainshock initial rupture (strike slip type estimated
by Kato et al., 2011). Each of the four events included in
the E7, E8, and E9 cluster, in fact, occurred within a 200-
m radius of the mainshock’s rupture initiation point from
the high cross-correlation coefﬁcients among their seismo-
grams.
The P- and S-phases associated with the E1, E2, E3, and
E4 events could not be detected in continuous seismograms
other than that recorded at the Togi station. The S-P times
for E2 (and E1) and E4 of 0.7–0.8 s (see Fig. 2 and Table
1) indicate that the hypocentral distances between these
events and the Togi station were around 5 km, according
to empirical relationship by Omori (1899). Figure 4 shows
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Fig. 4. The distribution of the mainshock (open star) and associated seismic events (solid stars) from the reference catalog projected onto the X -axis
shown in Fig. 1. The solid ellipse denotes aftershock distributions along the mainshock fault (Sakai et al., 2008). The solid triangle shows the location
of the Togi seismic station. The dashed semicircle represents the area within which the hypocenters of E2 and E4 should be located.
a semicircle with a radius of 5 km marking the area within
which E2 and E4 hypocenters likely occurred. Travel times
indicate that E2 and E4 did not occur along the mainshock
fault plane. The E3 event may have occurred near the
rupture plane according to its S-P time (1.1 s) as recorded
by the Togi station.
4. Relationship between Clustered Foreshocks
and the Mainshock
Clustered foreshocks occurred in the same general area
as the mainshock hypocenter for both the 1999 Izmit earth-
quake (Bouchon et al., 2011) and the 2008 Iwate-Miyagi In-
land earthquake (Doi and Kawakata, 2012). Clustered seis-
mic events referred to here as E7, E8, and E9 also occurred
in close proximity to the rupture initiation point for the
mainshock of the 2007 Noto Hanto earthquake. The four
clustered seismic events described here are similar to those
described in previous studies but fewer in overall number.
Foreshocks of interest in this study abruptly began 12 min-
utes before the mainshock.
The other two seismic clusters constellated around the E2
and E4 reference events and included more than 10 events
that occurred primarily 11 and 16 days before the main-
shock. Hypocenters for the events in these clusters were
relatively distant from the mainshock fault plane. Magni-
tudes for the events in these clusters were relatively small.
These lines of evidence indicate that the events do not re-
late to failure and nucleation associated with the mainshock.
The isolated E3 and E5 events may have occurred near the
mainshock fault but not in the vicinity of the rupture ini-
tiation point. The E3 and E5 events may, thus, represent a
different type of foreshock and require further investigation.
The slip distributions in association with the mainshock
rupture (Horikawa, 2008) showed that small slips were es-
timated around the initial rupture point of the mainshock.
Also, not so many aftershocks occurred there (Sakai et al.,
2008). These facts suggest that some amount of the strain
energy had already been released prior to the mainshock
and that the strength at this point decreased beforehand. In
a rock failure experiment, AEs were observed in the nu-
cleation region (Lockner et al., 1992) and a velocity de-
crease was measured (Yoshimitsu et al., 2009) before the
ﬁnal fracture but after the peak stress, which suggested that
yielding occur before the ﬁnal fracture. The fact that fore-
shocks were detected adjacent to the initial rupture point
of the later mainshock may be evidence that the yielding
had started at least 12 minutes before the mainshock. Fore-
shocks adjacent to the initial rupture point of the mainshock
were also observed for the 2008 Iwate-Miyagi Inland earth-
quake.
Experiments in laboratories have shown that precursory
AEs occur before the main rupture (e.g. Scholz, 1968).
However, it is not yet (and should be) clariﬁed for applica-
tion of the knowledge in laboratory experiments to natural
ﬁelds whether natural earthquakes surely follow foreshocks.
As shown in this study, continuous waveform records have
a potential to ﬁnd small foreshock (and other unrelated) ac-
tivities that we would have missed in the catalog.
5. Conclusions
Careful examination of continuous seismograms revealed
that 36 small seismic events occurred around the hypocenter
of the 2007 Noto Hanto earthquake during the 25 days lead-
ing up to the mainshock event. Correlation analysis demon-
strated that these seismic events clustered into three groups,
or occurred as isolated events. Two clusters included more
than ten events, the majority of which occurred in the two
weeks before the mainshock. The relatively large distances
between their hypocenters and the mainshock fault indi-
cate that they do not relate to the mainshock event. On
the contrary, the last cluster, which included four events,
was located in the same general area as the rupture initia-
tion point of the mainshock. Seismic activity in this fore-
shock cluster began twelve minutes before the mainshock
but ceased for the last eight minutes. The spatio-temporal
occurrence pattern of these foreshocks resembles that as-
sociated with the 2008 Iwate-Miyagi Inland earthquake.
These ﬁndings demonstrate that clustered foreshocks oc-
curring in close proximity to the mainshock hypocenter can
potentially provide further information on the processes that
generate larger catastrophic events. Dense permanent seis-
mic networks in tectonically active areas are necessary to
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further analyze small seismic events occurring on or near
mainshock faults, and distinguish them from unrelated seis-
mic activity in the surrounding area.
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